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Enhanced production of glomerular extracellular matrix in a new
mouse strain of high serum IgA ddY mice. To investigate the relationship
between high serum levels of IgA and glomerular lesions, selective mating
was performed in high serum IgA ddY mice, a murine model of
spontaneously developing mesangioproliferative glomerulonephritis mim-
icking human IgA nephropathy. The selection and mating of high IgA ddY
mice were accomplished when the mice were three to four months old. In
the 12th generation of high IgA ddY (HIGA) mice, significantly higher
levels of serum IgA from 10 age weeks to 60 weeks (P < 0.0002 to 0.000 1)
were observed in comparison with BALB/c mice. Relatively high protein-
uria was observed at 40 weeks of age, although hematuria was consistently
negative. Microscopic observations of renal tissue disclosed a marked
glomerular mesangial matrix increase and a reduction of cell proliferation
with age by both semiquantitative and morphometric analyses with
moderate tubulointerstitial damage. These mesangial matrices were
stained markedly by antisera for collagen type IV and by fibronectin, but
not by collagen type I. Localization of TGF-f3 protein was also detected in
the mesangium of the HIGA mice. The positive mesangial IgA deposition
was maintained consistently by this mating procedure and became more
marked with age. Size analysis of IgA from ten pooled HIGA mice aged
50 to 60 weeks revealed dominant polymeric IgA in sera and dimeric IgA
in glomerular eluates. Clonal analysis of serum IgA disclosed heteroge-
neous spectrotypes in a wide pH range (4.5 to 6.5), in contrast to very
limited spectrotypes in the acidic pH range (4.5 to 5.2) of IgA in the
glomerular eluates from these mice. The analyses of retroviral gp7O
antigen involvement in the HIGA mice disclosed a significant increase of
serum levels of gp7O anti-gp7O immune complexes with age, with no
relationship to the severity of glomerular gp7O deposition. Northern blot
analysis of renal tissue revealed markedly high mRNA expression of
collagen type I, IV, fibronectin and TGF-/3 even in 10-week-old HIGA
mice in comparison with BALB/c mice. The expression became more
significant in 60-week-old animals. The genetic background required to
induce the expansion of IgA-producing B-cell clones is suggested to be
closely related to the increased gene expression of TGF-13, which induces
enhanced glomerular extracellular matrix (especially fibronectin) accumu-
lation in HIGA mice, being possibly mediated by the mesangial deposition
of dimeric and highly acidic IgA. This newly established strain may provide
a model for investigating the relationship between progressive glomerular
sclerotic lesions and the induction of pathogenic IgA in human IgA
nephropathy.
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Since its first description by Berger [1, 2], immunoglobulin A
(IgA) nephropathy has been shown to be the most common
glomerular disease worldwide [3]. It eventually progresses to
end-stage renal failure in 30% to 35% of patients [4]. The
histological criteria for the diagnosis of IgA nephropathy are
predominant mesangial IgA deposition with frequent association
of the deposition of complement 3 (C3). Microscopically, various
mesangial lesions are observed, from mild mesangial cell prolif-
eration to marked mesangial expansion with or without extracap-
illary lesions such as adhesion and crescent formation. The
increased extent of global glomerular sclerosis is related to
end-stage renal failure [5].
Serologically, from 35% to 50% of patients with IgA nephrop-
athy have elevated serum IgA levels [6, 7]. Although this elevation
of IgA is not always correlated with the severity and activity of the
disease [8], the significantly high incidence of elevated serum
levels of IgA, especially of the IgAl subclass derived from bone
marrow [9], may be related to the genetic background of this
disease as well as to a higher production of IgA by B lymphocytes
[10].
To investigate the pathogenesis of this renal disease, various
attempts have been made to develop an animal model. Immuni-
zation with injection of antigens [11] or the direct injection of
preformed immune complexes containing IgA [12] have provided
a chance to elucidate the pathogenic role of multimers of lgA
containing the J-chain. However, these IgA injections do not
induce the chronic lesions, especially those with sclerotic renal
damage, which are frequently observed in human IgA nephropa-
thy.
In contrast, animal models that spontaneously develop mesan-
gioproliferative lesions with IgA deposition more closely resemble
the human disease, although it takes much time to obtain overt
glomerulonephritis. DdY mice were originally reported to de-
velop spontaneous mesangioproliferative glomerulonephritis with
IgA deposition after the age of 40 weeks [13]. Further investiga-
tions have revealed the association of retroviral surface mem-
brane glycoprotein (gp7O) antigen on the mesangial deposition
with a higher frequency of gp7O-containing immune complexes in
the sera of about 50% of these mice [14]. In addition to a high
frequency of elevated serum IgA levels with aging, these mice
show dominant polymeric or dimeric size and acidic charge IgA as
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specific characteristics of serum and glomerular eluate IgA [151,
which closely resemble those of human IgA nephropathy [16].
However, the marked individual differences of phenotype aris-
ing from the crude genotype sometimes disturb the precise
investigation of pathological background in this mouse strain. To
establish a genetically uniform model in which characteristically
high serum IgA levels are maintained as in human IgA nephrop-
athy, the selection and mating of ddY mice with high serum levels
of IgA have been performed. This procedure was recently found
to be successful in establishing a new ddY mouse strain, named
"HIGA," showing consistently high IgA levels in the 12th gener-
ation of mice at a young age (manuscript submitted).
The present study was performed to investigate whether or not
this newly established high IgA strain consistently maintains and
expresses the serological and immunopathological characteristics
resembling human IgA nephropathy. The renal expression of
transforming growth factor-n (TGF-) and its mRNA was inves-
tigated, as well as that of extracellular matrix (ECM), collagen
types I and IV and fibronectin, since TGF-13 plays a crucial role in
promoting glomerular lesions through the accumulation of ECM
leading to glomerular sclerosis [17—201.
Methods
Solid-phase IgA assay
IgA in the sera and in the samples fractionated by HPLC and
IEF were measured by sandwich ELISA, using anti-mouse IgA
antibodies (Cappel Laboratories Cochranville, PA, USA), as
described previously [15].
Urinaiy examination
Urinary protein and occult blood were examined when the mice
were sacrifled, using Multisticks (AMES, Tokyo, Japan). The
results were evaluated semiquantitatively from (—) to (+ + +) as
follows: urinary protein, (—) negative, (±) trace, (+) 30 mgldl,
(++) 100 mg/dl, (+++) 300 mg/dl; occult blood, (—) negative,
(±) trace, (+) < 20 red blood cell (RBC)/jxl, (++) 21 — 50
RBC/d, (+++) 50 250 RBC/jxl.
Establishment of high IgA ddY mice
Selective mating of high IgA ddY (HIGA) mice was performed
as follows (manuscript submitted). Briefly, 52 female and male
ddY mice of an outbred strain at eight weeks old (Japan SLC Inc.,
Shizuoka, Japan) were used as the foundation colony (generation
0: GO). They were maintained at Nippon Shinyaku Co. Ltd.
(Kyoto, Japan). After verifying that there was a strong tendency
for the GO mice with high serum lgA levels at the age of four
months to show higher serum levels of IgA with aging than did the
groups of mice with low IgA levels at the same age, six single-pairs
(4 months old) with high serum IgA levels were selected and
mated. The first generation (G1) showed higher serum IgA levels
at the age of four months than did those of GO, although marked
individual differences were noted (data not shown). An average of
six single-pair matings was performed with 4-month-old mice until
G4, and thereafter with 3-month-old mice until the 12th genera-
tion (G12), Throughout the mating procedure, the mice were fed
normal laboratory chow and were not subjected to any experi-
mental procedure to induce IgA immune responses. We desig-
nated this newly established, high IgA strain of ddY mice as
HIGA mice.
Pathological analysis of renal tissues
A portion of renal specimens from HIGA and BALB/c mice
aged 10, 25, 40, and 60 weeks were fixed in Doubosque Brazil
solution and embedded in paraffin. Sections (2 /.tm) were stained
with hematoxylin and eosin (HE) and periodic acid-Schiff (PAS).
Semiquantitative microscopic analysis was performed with the
grading of (—) normal, (+) mild, (++) moderate, and (+++)
severe being employed to denote the extent of mesangial cell
proliferation and mesangial matrix expansion. Tubulointerstitial
damage was also evaluated from (—) to (+ + +) in the areas where
100 glomeruli were counted, as follows: (—) no lesion of cell
infiltration and fibrosis, (+) single focus of lesion, (++) more
than two isolated foci, (+++) diffuse infiltration and fibrosis.
Positivity for global glomerular sclerosis was defined by the
presence of more than one sclerotic glomerulus in the total count
of 100 glonieruli. The presence of cellular crescent formation was
also examined in 100 glomeruli.
To quantitatively evaluate the glomerular cell number per area
renal tissue sections obtained from ten HIGA mice (5 of each sex)
at age 10, 25, 40, and 60 weeks, and six BALB/c mice (3 of each
sex) at age 10 and 60 weeks were randomly selected. With an
image analyzer (Luzex 3U, Nikon Ltd., Tokyo, Japan), 10 selected
glomerular sections containing both vascular and urinary poles
were counted, and the cell numbers per area of the glomerular
tuft are expressed as the number per 1000 /xm2. To evaluate the
age-related changes of glomerular size in HIGA mice, the areas of
fifty randomly selected glomeruli in each section from the same
mice as those used for the cell count were measured; the mean
area of larger half glomeruli in each section was compared in
animals of different ages.
Immunopathological examination
Serial immunofluorescence studies of IgG, IgA, 1gM, C3, and
retroviral surface antigen glycoprotein (gp7O) were performed as
previously described [13]. The grades of this deposition were also
evaluated semiquantitatively, from absent (—) to severe (+ + +).
All the histological examinations were performed independently
by two investigators who had no knowledge of the experimental
data. The staining of ECM was also performed for 40-week-old
HIGA and BALB/c mice by the indirect method using specific
antibodies: polyclonal rabbit anti-mouse collagen type I antibody
(Chemicon International Inc., Temecula, CA, USA), polyclonal
rabbit anti-mouse collagen type IV antibody (Becton Dickinson,
Bedford, MA, USA), polyclonal rabbit anti-mouse fibronectin
antibody (Chemicon). Second antibody was FITC-labeled poly-
clonal goat anti-rabbit IgG (Zymed Laboratories, San Francisco,
CA, USA). The detection of TGF-/3 was performed by the direct
method using polyclonal rabbit antibody raised against a peptide
corresponding to amino acid residues 328 to 353 mapping within
the carboxy terminal region of human TGF-131 (Santa Cruz
Biochemistry Inc., Santa Cruz, CA, USA) [21] that was labeled
with FITC in our laboratory. This antibody was proven to react
with both human and murine TGF-pl [22].
Electron microscopical examination
Small blocks of the renal cortex were fixed in 2% glutaralde-
hyde and then in 1% osmotic acid, after which they were
embedded in Epon 812. Ultrathin sections were then treated with
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Age
(weeks) BALB/c N HIGA N p°
10 7.77 1.23" 17 23.0 2.37 19 0.0002
25 13.69 1.63 16 98.5 5.17c 14 <0.0001
40 22.67 2.07 22 103.38 3.29° 21 <0.0001
60 68.79 5.36 12 101.95 4.06° 21 <0.0001
uranyl acetate and lead citrate and observed by electron micros-
copy (HITACHI H7100, Hitachi Ltd., Tokyo, Japan).
Charge and size analysis of IgA in sera and glomerular eluates
To examine the charge and size characteristics of serum and
glomerular IgA, sera and glomerular eluates from ten HIGA
mice, aged 50 to 60 weeks, wcre analyzed as described previously
[15]. Briefly, the elution from isolated glomeruli, using a sieving
technique [23], was performed by incubation for two hours with
0.02 M citrate buffer, pH 3.5 [24]. After centrifugation, the
supernatant was obtained and dialyzed against phosphate-buff-
ered saline (PBS), pH 7.4.
The electric charge characteristics of serum and glomerular IgA
were analyzed by agarose gel isoelectric focusing (IEF) using a flat
bed apparatus electrophoresis unit (Pharmacia Fine Chemicals,
Uppsala, Sweden). The gel solution contained 1% agarose IEF, 4
M urea, 10% NP4O, 11% sorbitol, and 5% Ampholite (pH 3 to 10;
LKB Productor, Bromma, Sweden). The cathodic electrode solu-
tion was I M NaOH and the anodic solution was 0.5 M acetic acid.
After focusing was performed for three hours at 1,500 V at 7°C,
each sample gel was cut into 16 pieces and the sample solution in
each gel piece was eluted in 500 jxl of distilled water and dialyzed
with PBS overnight.
Size fractionation of the pooled sera and eluates was performed
by I-IPLC on a 7.5 mm x 60 cm SW column (Tosoh, 5 to 1,000
kDa fractionation range; Tosoh Ltd., Tokyo, Japan) with a flow
rate of 0.5 mI/mm. Sixty fractions of each sample were collected in
0.1 M phosphate buffer, pH 7.0, containing 0.1 M NaCI. Human
gamma globulin (158 kDa) and thyroglobulin (670 kDa) were
used as molecular weight markers.
Measurement of serum gp7O and anti-gp7O immune complexes
(gp7O IC)
The measurement of gp7O IC was performed as described
previously [25]. Briefly, IC-containing fractions in the sera of
HIGA mice were precipitated with 10% polyethylene glycol
(PEG). The precipitates, redissolved in PBS, were added to the
wells of a plastic plate that had been coated with goat anti-
Rauscher gp7O antibodies and incubated. The plate was washed
with PBS and then further incubated with horseradish-peroxidase-
conjugated rabbit anti-mouse immunoglobulin solution at room
temperature for one hour. The wells were then washed and
hydrogen peroxide and ortho-phenylenediamine solution were
added as substrate. The absorbance was measured at a wavelength
of 490 nm. As the standard, gp7O IC at different concentrations
preformed between purified gp7O which had been obtained from
lipopolysaccharide (LPS)-injected New Zealand mice [26] and
10 15 9 4 2 0 0 18 0 11 5 2 0
25 14 10 4 0 0 0 14 1 3 8 2 0
40 15 10 3 2 0 0 21 1 0 8 8 4°
60 20 9 10 1 0 0 20 0 5 9 5 1
anti-gp7O antibody were similarly applied, and absorbance was
plotted to construct the standard line.
Northern blot analysis of extracellular matrix and TGF-p
RNA from the kidneys of BALB/c and HIGA mic aged 10 and
60 weeks was extracted by the acid guanidium thiocyanate-phenol-
chloroform method [27]. Ten micrograms of total RNA was
fractionated in 0.66 M formaldehyde-1% agarose gel and trans-
ferred to a nylon membrane (Biodyne PALL, Glen Cove, NY,
USA) by capillary action. The following eDNA probes were
labeled with 32P using a random primed DNA labeling kit
(Boehringer Mannheim Biochemica, Mannheim, Germany): for
collagen type I, a 3.0 kb EcoRI mouse collagen type I ul c-DNA
fragment (a gift from Dr. C. Shiota of Wakayama Prefectural
School of Medicine); for collagen type IV, a 0.83 kbAval and PstI
mouse collagen type IV s1 c-DNA fragment (a gift from Dr. Y.
Yamadaof, NIH, Bethesda, MD, USA) [28]; for TGF-p, a mouse
0.96 kb c-DNA fragment (a gift from Dr. C. Shiota); for fibronec-
tin, a mouse 2, 3 kb cDNA fragment (a plasmid from JCRB); and
for GAPDH, a human 1.2 kb DNA fragment (ATCC, MD, USA)
[29]. The densities of each lane of the autoradiographs were
analyzed with an NIH-Image analyzer.
Statistical analysis
The quantitative densitometric measurements of the Northern
blots were normalized to the signal for GAPDH mRNA. All
values are expressed as means SE. Statistical significance was
determined by Student's 1-test for the comparison of two sets of
unpaired data, and the Scheffe F-test for multiple comparison.
P < 0.05 was considered statistically significant.
Results
Serial analysis of serum IgA concentration of HIGA mice
Serial analysis of serum IgA at G12 of HIGA mice showed
significantly higher levels of serum IgA, from as early as the age of
10 weeks compared with BALB/c mice (P < 0.0002), and levels of
IgA were even more significantly marked from age 25 weeks (P <
0.0001). These levels were maintained until age 60 weeks (P <
0.05; Table 1). However, BALB/c mice also showed relatively high
serum levels of IgA in comparison with younger mice.
Urinary findings of HIGA mice
Table 2 shows the serial findings of proteinuria and hematuria
in HIGA mice. The number of mice showing proteinuria more
Table 1. Serum IgA concentration in BALB/c and HIGA mice
according to age
Table 2. Serial urinary findings of HIGA mice
Hematuria° Proteinuria"Age
weeks N — N —
a Comparison between BALB/c and HIGA mice.
h Serum IgA concentration (mean SE) mg/dl
Significantly higher than in 10-week-old HIGA mice (P < 0.001)
a Semiquantitative analysis: —,negative; trace; +, < 20 RBc/pl; + +,
2—SO RBc/td; +++, 50-250 RBC/jJ
"Semiquantitative analysis: —, negative; trace; +, 30 mgldl; + +, 100
mg/dl; +++, 300 mg/dl
P < 0.005 versus the mice with 10 and 25 weeks of age
Muso Ct al: ECM expansion in high IgA strain of ddY mouse
Table 3. Serial semiquantitative analyses of microscopical findings in HIGA and BALB/c mice
1949
Mice
Age
weeks N
Mesangial lesions
Crescent
formation
.Positive
mic5 %
Global
sclerosis
.Positive
mic&'%
Tubulointerstitial lesionCell proliferation Matrix expansion
— + ++ +++— + ++ +++ — + ++ +++
HIGA
10 19 1 7 10 1 7 12 0 0 9(47) 13(68) 16 3 0 0
25 14 0 7 7 0 0 9 5 0 7(50) 10(71) 9 5 0 0
40 21 0 5 12 4 0 6 12 3 3 (14) 20 (95) 0 14 6 1
60 21 5 9 5 2 0 6 13 2 4(19) 21 (100) 1 16 3 1
BALB/c
10 17 9 8 0 0 17 0 0 0 0(0) 1(6) 17 0 0 0
25 18 11 7 0 0 14 4 0 0 0(0) 2(11) 18 0 0 0
40 22 12 10 0 0 4 17 1 0 0(0) 1(5) 20 2 0 0
60 12 5 6 1 0 1 7 3 0 0(0) 3(3) 10 20 0
Total number of mice
b Number of mice with more than one glomerulus showing crescent formation or global sclerosis in total of 100 glomeruli
than 30 mgldl was relatively increased. There was no marked
hematuria in HIGA mice throughout the life course.
Aging study of immunohistopathological findings of HIGA mice
Microscopic findings. Serial microscopic findings were examined
at the ages of 10, 25, 40, and 60 weeks in both HIGA and BALB/c
mice. The results of the semiquantitative analyses are summarized
in Table 3. The analysis of mesangial lesions showed mild to
moderate cell proliferation at a young age in the HIGA mice. At
the age of 60 weeks, 67% of the HIGA mice showed only mild to
minimum cell proliferation. Analysis of the mesangial matrix
revealed a significant expansion with aging. At more than 40
weeks of age, 90% of the HIGA mice showed moderate to marked
mesangial matrix expansion in contrast to the BALB/c mice
group, in which only one mouse of 22 at the age of 40 weeks and
25% of the mice at 60 weeks showed moderate mesangial matrix
expansion (Fig. 1). These tendencies were quantitatively sup-
ported with findings of a significantly low cell number per area in
60-week-old mice and a relatively higher number of cells in
younger mice. In contrast, in BALB/c mice, the average cell
number per glomerular area did not change with age (Fig. 2A).
The quantitative analysis of glomerular size in HIGA mice
revealed a significant increase with age (Fig. 2B). The significant
decrease of cell number and the marked enlargement of glomer-
ular size with age indicated massive expansion of the mesangial
matrix.
As shown in Table 3, the number of the HIGA mice with
glomeruli showing crescent formation was relatively high in
younger mice. In the 40- and 60-week-old HIGA mice, only a few
showed glomeruli with crescent formation. However, global gb-
merular sclerosis was observed even in 10-week-old HIGA mice.
It should be noted that in the HIGA mice the number of mice
without any global sclerosis decreased with age, and in mice aged
more than 40 weeks, all but one showed global sclerosis. As for
tubulointerstitial lesions, focal cellular infiltration and fibrosis
were frequently observed in HIGA mice compared with BALB/c
mice. A tubular degenerative change with vacuolation was ob-
served more frequently in female HIGA mice from a younger age,
although there was no correlation between the degree of this
tubular damage and glomerular matrix expansion including en-
largement of glomeruli (data not shown).
Immunofluorescence findings
As shown in Figure 3, in HIGA mice, there was no significant
difference in the grades of deposition of IgG, M, and C3 among
mice at 25, 40, and 60 weeks of age. In contrast, IgA deposition
was apparent even from 25 weeks of age. It should be noted that
the frequency of HIGA mice with severe IgA deposition was
highest at 60 weeks of age (Fig. 4). As for gp7O deposition, the
ratio of glomerular gp7O-positive mice was not significantly
changed with age, although the number of mice that showed very
severe glomerular gp7O deposition was highest in the 60-week-old
mice. The immunofluorescent analysis of ECM for 40-week-old
HIGA and BALBIc mice revealed a marked increase of glomer-
ular fibronectin staining (Fig. 5 E, F) and mildly higher staining of
collagen type IV (Fig. 5 C, D) in aged HIGA mice in comparison
with BALB/c mice. It is also noted that fibronectin, which is
normally observed mainly in glomeruli, was markedly stained in
interstitium in HIGA mice. Although focal interstitial staining of
collagen type I was noted in HIGA mice, glomerular staining of
this collagen was consistently negative both in BALB/c and HIGA
mice (Fig. 5 A, B). There was little individual differences in this
ECM staining among the two groups of mice. Although the
staining of TGF-j3 was relatively faint, its apparent localization at
the mesangial area was observed dominantly in HIGA mice (Fig.
6).
Electron microscopic findings
As shown in Figure 7, marked expansion of the mesangial area
with moderate electron dense deposits was observed in 60-week-
old HIGA mice. In contrast, no mesangial cell proliferation was
observed. In addition to mesangial lesions, thickening of the
capillary wall was also observed in aged HIGA mice. This capillary
wall thickening was associated with segmental nodular formation,
which has been reported as a marker of aging [30].
Charge and size characteristics of serum and glomerulus-bound
IgA in aged HIGA mice
To examine the change in clonal and size characteristics of
serum and glomerular IgA by the selective mating, we performed
IEF analysis and HPLC fractionation of IgA in 50- to 60-week-old
HIGA mice. As previously reported, in original ddY mice,
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Fig. 1. Microscopic photographs of glomendi in
HIGA (a, b, c, d) and BALBIc (e, f, g, h) mice
at 10 (a, e), 25 (c, f), 40 (c, g) and 60 weeks of
age (d, h). Marked enlargement of glomerular
size with matrix expansion was recognized with
age in HIGA mice. In aged HIGA mice,
particularly those aged 60 weeks, a significant
decrease in the mesangial cell population was
noted. PAS staining (X680).
acid-restricted clonal expansion and prominent polymeric and
dimeric IgA were shown in sera and, more particularly, in the
glomerular eluate [15]. As shown in Figure 8, analysis of the clonal
characteristics of serum IgA in aged HIGA mice disclosed a
remarkably wide pH range from 4.2 to 6.5 (Fig. 8A). In contrast,
the pH range of glomerular IgA was always limited to a highly
acidic range, of 4.5 to 5.2 (Fig. 8B).
Size fractionation disclosed a significant increase of polymeric
and dimeric IgA in the sera (Fig. 8C) and dominant dimeric IgA
in the glomerular eluate (Fig. 8D). Monomeric IgA always
showed the smallest peak in both the sera and the glomerular
eluates.
Gp70 IC in sera of HIGA
As shown in Figure 9, although gp7O was not detectable in the
serum in HIGA mice at 10 weeks old, it was detected at 25 weeks
old, and increased significantly with age, with relatively large
individual differences. It was not correlated with the serum levels
of IgA and IgG.
Northern blot analysis of ECM and TGF-(3
Figure 10 shows the Northern blot analysis of collagen type I
(A), type IV (B), fibronectin (C), TGF-13 (D) and GAPDH (E)
mRNA levels in the renal tissues of HIGA and BALB/c mice aged
10 and 60 weeks. The mRNA levels of collagen types I and IV and
fibronectin were markedly high in HIGA mice from age 10 weeks
compared with those of BALB/c mice. The intensity of these
expressions in the HIGA mice did not increase significantly with
age. The mRNA levels of TGF-13 were significantly increased in
HIGA mice from age 10 weeks, and this expression increased
significantly with age. There was no marked difference of GAPDH
mRNA levels between the two types of mice or between young
and old mice. It should be also noted that there were no marked
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Fig. 2. Morphometric analyses of average cell
number per area (A) and glomerular size (B) in
the renal tissues of selected HIGA mice (•) at
10, 25, 40 and 60 weeks of age and in 10-and
° 60-week old-BALBIc mice (0). A significantly
low cell number per area was recognized in
o § aged HIGA mice compared not only withyounger HIGA mice but also with aged BALB/
o c mice, in which no remarkable change
occurred with age. Although the glomerular
size increased with age in both strains of mice,
significant enlargement of size was recognized
only in aged HIGA mice compared with
younger mice (*P < 0.05, **p < 0.01, ***p <
0.005, < 0.0001).
individual differences of mRNA levels, being particularly notable
with TGF-/3, among HIGA mice at 10 or 60 weeks of age.
Discussion
Our newly established high serum IgA strain ddY (HIGA) mice
showed increasing glomerular enlargement with age with signifi-
cant matrix expansion, in contrast to decreased cellularity, on
semiquantitative observation. Electron microscopic analysis re-
vealed marked mesangial widening, mostly occupied by a matrix-
like substance and electron-dense deposits, with relatively rare
mesangial cells. These findings were supported by morphometric
analysis in which glomerular size was measured and glomerular
cell number per area was counted. Immunopathological studies
revealed a significant increase of mesangial fibronectin staining
with marked IgA deposition. Furthermore, Northern blot analysis
of renal tissue demonstrated markedly high mRNA expressions of
not only ECM, including collagen types I and IV and fibronectin,
but also TGF-p, the protein of which was detected as expressed at
the mesangial area by IF staining. In contrast to the relatively high
proteinuria observed in 40 weeks of age, hematuria was not
consistently recognized as in the original ddY mice [13]. These
results suggested that in HIGA mice, the already high production
and accumulation of extracellular matrix (ECM) especially in the
glomerulus were enhanced by the high IgA selective mating
procedure we used via the increase of TGF-f3 production.
The immunostaining of ECM in aged HIGA and BALB/c mice
revealed intense expression of fibronectin in glomeruli of HIGA
mice, whereas collagen type IV was only relatively increased and
collagen type I was not detected in glomeruli, although partial
increased localization was noted in interstitium. These findings
indicated that among the significantly increased renal mRNA
expressions of these three types of ECM, fibronectin mRNA is
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Fig. 3. Semiquantitative analysis by
immunofluorescence staining of the glomerular
deposition of immunoglobulins, C3, and gp7O in
10-, 25-, 40- and 60-week-old HIGA mice. There
were no significant differences in the grades of
IgG (A), 1gM (C) and C3 (D) deposition among
the 25-, 40- and 60-week-old mice. In contrast,
the number of mice with intensely positive IgA
deposition increased with age (B). Although the
number of glomerular gp7O-positive mice did
not increase significantly with age, the number
of mice that showed very severe glomerular
gp7O deposition was highest at 60 weeks.
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Fig. 4. Immunofluorescence photographs of
glomerular IgA deposition in 10-week-old (A) and
60-week-old (B) HIGA mice. Severe mesangial
and paramesangial deposition of IgA was noted
in aged HIGA mice (><990).
Fig. 5. Immunofluorescent photographs of
collagen type I (A, B), collagen type IV (C, D)
and fibronectin (E, F) in renal tissues of BALB/c
(A, C, E) and HIGA (B, D, F) 40-week-old
mice. Markedly intense fibronectin staining and
a mild increase of collagen type IV staining
were noted in the glomeruli of HIGA mice.
Collagen type I was not consistently detected in
glomeruli of either strain, although a focal
increase of interstitial staining was observed in
HIGA mice (B) (X680).
suspected to be the main contributor to the progression of
glomeruloscierosis. Collagen type I, which is normally expressed
in interstitium, is frequently expressed in sclerosing glomeruli with
intensive inflammatory change, and is sometimes recognized as
the marker of abnormal transformation of glomeruli due to active
glomerulonephritis [31]. No abnormal localization of glomerular
collagen type I in the HIGA mice of the present study indicated
that phenotypic change of glomerular cells did not occur as a
results of this mating protocol, but the enhancement of ECM
formation of glomerular cells was induced. This might be the
me
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Fig. 6. Glomerular TGF-j3 localization in 40-week-old mice. An apparent expression of TGF-p in the mesangial area was noted in HIGA mice (B) in
contrast to the very faint expression in BALB/c mice (A). Reproduction of this figure in color is made possible by a grant from Nippon Shinyaku Co.
Ltd., Kyoto, Japan.
Fig. 7. Electron microscopical photograph of the
glomenilus of a HIGA mouse at age 60 weeks.
Marked expansion of the mesangial matrix
area, with electron-dense deposits, localized
mainly in the paramesangial area (arrow), was
noted. The mesangial cell number was relatively
low. Along the capillary wall, in addition to the
diffuse thickening, some nodular formation of
electron dense-deposits was observed.
cause of the relatively moderate and slowly progressive character-
istics of the glomerulosclerosis in the HIGA mice, of which only 3
and 2 mice showed several lesions at 40 and 60 weeks of age,
respectively.
The findings of glomerular cellularity were somewhat contrary
to those in the original ddY mice. in the original ddY mice,
mesangial cell proliferation was relatively increased with age, and
was sometimes accompanied by active cellular crescent formation,
although there were substantial individual differences among mice
[141. In contrast, in the HIGA mice the glomerular cellularity as
well as crescent formation were significantly decreased with age.
The quantitative study of glomerular cells per area clearly showed
significant decreases of the cells at age 60 weeks not only in
comparison with younger HIGA mice but also in comparison with
normal BALB/c mice of the same age. It is also noteworthy that,
at 10 weeks, the cellularity of the HIGA mice was relatively higher
than that in normal young BALB/c mice. Although a precise
analysis of whether this increase in glomerular cells originated
from circulating cells or resident glomerular cells was not per-
formed, the abnormally decreased cellularity with age indicated
that this mating protocol may have induced some factor that
suppressed the proliferation of resident glomerular cells, possibly
mesangial cells.
TGF-/3, which has been reported to play a crucial role in the
development of glomeruloscierosis in anti-Thy 1 glomerulone-
phritis and diabetic nephropathy [32, 33], has potent regulatory
effects in inflammation, immune response, and, especially, in
extracellular matrix production [34]. Several in vitro investigations
in which TGF-j3 was employed to stimulate cultured renal paren-
chymal cells showed direct evidence of the induction of extracel-
lular matrix production of collagen type IV, fibronectin, laminin,
and biglycan [17, 18]. In IgA nephropathy patients, TGF-f3 was
shown to be expressed in the glomerulus of biopsied tissue by an
immunofluorescence technique that employed polyclonal and
monoclonal antibodies [35]. Increased TGF-p mRNA expression
has also been observed not only in glomerular cells but also in
infiltrative monocyte/macrophages by in situ hybridization [36].
These reports emphasize that the significant correlation between
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Fig. 9. Serum levels of gp70 anti-gp7O antibody immune complexes mea-
sured by PEG precipitation methods, in the sera of 10-, 25-, 40- and
60-week-old HIGA mice. Marked increases of IC levels were noted,
particularly in the 40- and 60-week-old mice. Relatively high individual
differences were seen (*P < 0.05, < 0.0001).
TGF-13 expression and renal damage indicates the pathological
role played by this cytokine in the progression of glomeruloscle-
rosis in IgA nephropathy. TGF-p has some controversial effects
on the proliferative response of mesangial cells in vitro, depending
on the species, cell density, incubation period, and transformation
of the cells [37, 38]. Haberstroh and colleagues [38] have demon-
strated that the proliferation of non-transformed cultured rat
mesangial cells was stimulated by TGF-/3 after 48 hours, whereas
the incubation of quiescent cells with TGF-j3 for 24 to 48 hours
Fig. 10. Northern blot analysis of collagen type I (A), collagen type IV (B),
fibronectin (C) and TGF-/3 (D) mRNA levels in renal tissues from HIGA and
BALB/c mice JO and 60 weeks old. Levels of GAPDH mRNA (E) served
as the housekeeping gene. The mRNA levels of all the above extracellular
matrix components and of TGF-/3 were markedly high in HIGA mice,
even from age 10 weeks, compared with those in BALB/c mice. Each
vertical lane represents the mRNA expression of each mouse.
had an inhibitory effect on cell proliferation in subconfluent cells
and no effect in confluent cells. In contrast, in a transformed
murine mesangial cell line, TGF-p exhibited an antiproliferative
effect. These effects were confirmed to be TGF-/3-specific since
monoclonal antibodies against TGF-f3, added simultaneously,
attenuated these reactions. Considering these effects of TGF-/3 on
murine cell lines, we speculated that the significantly higher
expression of TGF-f3-mRNA in renal tissue obtained from young
and aged HIGA mice in comparison with normal BALB/c mice
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fractionation revealed a significant increase of
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dominant dimeric IgA in the glomerular eluates
(D).Fraction number
120
I **
I **
Fraction number
I I
100
• .
S
• •
_10 : • ISISISI
0 T .1N-0 SI SI SIC) I •l .1
E I •I 'I•l .1 .1I gI •0.1 II SI I
.1• S
Muso et al. ECM expansion in high IgA strain of ddY mouse 1955
and the apparent localization of TGF-j3 in mesangium in HIGA
mice was closely related to the marked ECM production and
accumulation, and abnormally decreased cellularity in the glomer-
uli in aged HIGA mice.
In ddY mice, as we have previously reported, significantly
elevated serum IgA was noted after 40 weeks of age although
there were marked individual differences [151. This finding, taken
together with the consistently high serum IgA levels and wide pH
range of serum IgA determined by IEF analysis in HIGA mice,
leads us to presume that the mating protocol performed in this
study selected a strain in which IgA-bearing B-cell clones, with
elevated production or secretion of IgA, were greatly increased. It
is also highly suspected that these phenomena are closely related
to a higher expression of TGF-p, since TGF-p is not only a
regulatory factor in promoting ECM production but also acts as
an immunoregulatoiy cytokine in inducing the IgA isotype switch-
ing of mature IgA-producing B cells, while it also plays a
suppressive role in IgG and 1gM secretion [39, 40]. Further
investigation of the cellular immunity system and TGF-j3 produc-
tion in HIGA mice may provide much information not only of the
background mechanism on the high serum IgA levels, but also on
the regulatory abnormalities of glomerular ECM accumulation
causing glomerular sclerotic lesions.
The increasing IgA deposition with age in HIGA mice demon-
strated that IgA increased by this mating protocol may maintain
the nephritogenic characteristics shown in the original ddY mice.
As we have reported previously, the clonal characteristics of
glomerulus-bound IgA in ddY mice, analyzed by IEF, revealed a
relatively acidic pH range in comparison with serum IgA [151. In
HIGA mice at the age of 50 to 60 weeks, a remarkably wide pH
range of serum IgA was observed. In contrast, the pH range of
glomerulus-bound IgA was always limited to the acidic range. This
finding suggests that, although this selective mating protocol
induced the polyclonal expansion of IgA-producing B cells in
these mice, the nephritogenic IgA is always oligoclonally acidic, as
previously observed in human IgA nephropathy [16]. As for the
size characterization, the significant increase of polymeric and
dimeric serum IgA and the dominant dimeric glomerulus-bound
IgA in HIGA mice resemble the characteristics of IgA in the
original ddY mice [15]. It is also suggested that polymeric size or
polymerization of IgA is essential for IgA accumulation in the
mesangium, which is also sometimes observed in human igA
nephropathy [161. These results indicate that the clonal expansion
of specific B cells that secrete nephritogenic IgA, resembling
human IgA nephropathy, was possibly induced and maintained by
this mating protocol.
Considering the findings that glomerular IgA deposition was
not apparent at the age of 10 weeks when 50% of the HIGA mice
already express some glomeruli with global sclerosis, high serum
IgA is not necessarily the leading cause of global glomerular
sclerosis. However, the marked expansion of mesangium associ-
ated with increasing IgA deposition with age indicated that the
specific IgA can be at ributed to the progression of the glomeru-
losclerosis in HIGA mice. Furthermore, rare glomerular lesions
of control BALB/c mice that showed moderately high serum levels
of IgA with aging indicated the specific increase of nephritogenic
IgA in HIGA mouse.
The serial increase of the serum levels of gp7O IC with age in
HIGA mice, measured by the PEG precipitation method, were of
considerable interest. In our previous report of original ddY mice
[141, levels of circulating gp7O were measured in pooled sera and
revealed various amounts of serum gp 70 in mice as young as 12
weeks without any apparent increase with age. However, the
adsorption test performed with pooled sera, using columns coated
with antibodies against mouse IgA and IgG, revealed that about
50% of gp7O detected in the aged mice (aged 40 weeks) was the
immunoglobulin-bound form, while in contrast, no gp7O IC was
detected in younger ddY mice (aged 12 weeks). The significant
increase of gp7O IC in HIGA mice in the present study was
consistent with these results in ddY original mice, although the
detection was performed in individual sera, As indicated by the
immunohistopathological findings of the lymphoid tissue, in ddY
mice [14], the source of gp7O antigen in HIGA mice appears to be
in the lymphoid tissues and the secretion of the antigen was at a
younger age. The probable accelerated production of gp7O-
specific antibodies with age in these mice did not appear to be
changed by the selective mating protocol performed in this study.
As for the glomerular deposition of gp7O antigen, in our
previous study of ddY mice [14], we speculated that circulating
gp7O IC was deposited in the glomerulus rather than the direct
deposition of gp7O antigen, since there was no significant corre-
lation between the serum levels of gp7O and the extent of
glomerular gp7O deposition in those mice. Other investigators,
using the same antibodies as ours, have since reported that the
pathogenic role of gp7O in ddY mice was negligible, as they could
not detect this antigen in some strains [41]. In our newly estab-
lished HIGA strain, although there was no correlation between
the grade of glomerular deposition of gp7O and the amount of
serum IC, it is possible that the serum IC detected by our PEG
precipitation method may have been involved, to some extent, in
the mesangial lesion. The limited localization of gp7O deposition
only in the mesangial matrix in ddY and HIGA mice suggests that
larger size IC molecules were trapped in the mesangium. How-
ever, IC detected by the PEG precipitation method may include
smaller as well as larger molecules, and this may be the cause of
the discrepancy between the glomerular findings and the serum
gp7O IC amount. This result was somewhat in contrast to the
findings of renal lesions in lupus-prone New Zealand mice, which
showed significant glomerular deposition of gp7O dominantly
along the capillary wall, this being well correlated with serum
levels of gp7O IC [4 1—44].
In summary, the selective mating protocol by which we estab-
lished HIGA mice appears to have maintained and augmented
the original nephritogenic characteristics, especially those related
to glomerular sclerotic lesions. The genetic background against
which the clonal expansion of IgA-producing B cells is induced
appears to be closely related to glomerular ECM accumulation, a
phenomenon which is possibly mediated by the overexpression of
TGF-f3. Further investigations of the relationship between these
two events in this newly developed HIGA strain may help to
elucidate the pathogenic background of the progressive glomer-
ular sclerosis that occurs in IgA nephropathy patients.
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Appendix
Abbreviations are: C3, complement 3; ECM, extracellular matrix;
ELISA, enzyme-linked inimunosorbent assay; GAPDH, glyceraldehyde-
3-phosphate-dehydrogenase; HIGA, high IgA ddY strain; HPLC, high
performance liquid chromatography; IC, immune complexes; IEF, isoelec-
tric focusing; LPS, lipopotysaccharide; PAS, periodic acid-Schiff; PBS,
phosphate buffered saline; PEG, polyethylene glycol; RBC, red blood cell;
TGF-13, transforming growth factor /3.
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